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I. Introduction
Some new electrical effects have been found in thin insulating 
films sandwiched between metal film electrodes. Most of the measure­
ments were made on Al-Al^O^-Au three-layer devices which were produced 
by vacuum deposition and anodization. The dielectric thickness was 
100 to 1000 angstroms. Electrical measurements wete made in darkness 
and under vacuum. Currents through the insulator were measured as a 
function of applied voltage. Fresh films displayed an exponential de­
pendence of current on voltage at low voltages. If the sandwiches were 
exposed to more than a few ¡volts, they underwent an irreversible 
"forming" process. The "formed" sandwiches displayed interesting 
current-voltage relationships, including instabilities, negative 
resistance, and memory effects. These observed properties are described 
below.
II. Preparation of Sandwiches
Aluminum-aluminum oxide-gold sandwiches were prepared by 
evaporating a 7 cm x 2 mm aluminum strip onto a standard 3 in. microscope 
slide at about 10  ^ torr, oxidizing the surface to a depth between 100 
and 1000 angstroms, and depositing gold strips across the Al-A^O^ film. 
One of these slides is shown in Fig. 1.
The dielectric strip was usually prepared by anodizing the 
aluminum in a boric-acid solution or similar weak electrolyte at about 
20 volts. Other methods of preparing A^O^ include exposing the aluminum 
to oxygen ions in an electric discharge or to a hot steam atmosphere.
2Some samples with reactive-sputtered SnC>2 dielectric were used. The 
different dielectrics did not have substantially different conductive 
properties.
Each slide contained nine metal-oxide-metal sandwiches of 2
2and 4 mm cross-section. Electrical contact to the metal films was made 
with conducting silver paint. In all, about 20 slides were prepared.
III. Current Measurements
Attempts were made to measure current through the sandwiches
with a simple voltmeter and milliammeter, arranged as in Fig. 2. These
gave steady-state values of the currents, but in a very non-reproducible
and inconsistent manner. This approach proved inadequate. An x-y
oscilloscope connected as in Fig. 3 was more successful. The voltage
was read on the horizontal axis and the current on the vertical. Input
impedance of the scope preamplifier was 1-megohm on both axes. The
vertical sensitivity 5 mV/cm; a bank of precision resistor shunts across
-9the vertical input allowed the scale to be switched from 5 x 10 to
_35 x 10 Amp/div. All low-current leads were shielded against electro­
static pickup.
Voltages from 0 to 15 V were applied between the gold and 
aluminum films. The simplest source was a regulated dc supply. Often 
a sawtooth pulse was used. The sweep output of an oscilloscope was 
adapted for this purpose, providing a constantly increasing voltage with 
the maximum adjustable from 0 to 10 V. The system produced single or 
repeated sawtooth pulses with durations from a fraction of a millisecond
3to 100 seconds. A constant-current source, also capable of giving
sawtooth waveforms, was used for some of the work.
It is important to note that all measurements reported here
- 6were made in a vacuum of about 10 torr, and in total darkness. Al­
though no extensive study of the effects of atmospheric pressure or 
exposure to light were made, it was clear that their presence signifi­
cantly altered the results.
IV. Results
Fresh samples displayed an exponential dependence of current 
on voltage. The points fit a straight line if the current is plotted 
against the square-root of the voltage on a semi-log scale, as in Fig.
4. This behavior is suggestive of Schottky emission,'*’ which follows 
I = f (T) exp £ f ' (T)\Tv J, where f and f' both depend on the temperature 
and the size of the samples. Our data was inconsistent from sample to 
sample, and even from run to run, and did not allow a precise 
evaluation.
As the voltage was raised above a few volts, the current 
suddenly increased by several orders of magnitude above the exponential 
curve. The sandwich was irreversibly "formed." The voltage where the 
"forming" occurred varied among samples from 2 to 8 V. The conduction 
properties of these formed sandwiches became the subject of greatest 
interest in the research. The formed sandwiches are described below.
The current found in a typical sample after forming is plotted
2against V and V in Figs. 5a and 5b. Current was proportional to
4voltage up to about 1 V, and then followed the square of the voltage:
I = o<V2 . (1)
Eq. (1) was obeyed up to a critical voltage V , but above Eq. (1) was
not obeyed. In Fig. 6, six oscilloscope traces of I vs. V are shown.
Each trace consists of one sawtooth voltage pulse increasing from 0 to
6 V in 0.1 sec. In this sandwich V was about 3 V, but may be seen toi c
have varied from pulse to pulse. In some sandwiches was as low as
2 V; in others, as high as 8 V. Above Vc> the current suddenly increased;
then at about 4 V it decreased to near its original value. The vertical 
-4scale is 5 x 10 Amp/;div.
Fig. 7 depicts a series of sweeps such as those in Fig. 6,
-5 2but with the current sensitivity increased to 10 Amp/div. The V
dependence can be seen below . The sandwich was the same as in Fig. 6;
the voltage was increased several times from 0 to 6 V in 1 sec. Except
for the general features of a sharp rise of current at and the drop
at 4 or 5 V, the currents above Vc were not reproducible.
Note in Fig. 6 that the sweep at the lower right of the frame
appears to have risen somewhat higher at voltages below than do the
other sweeps. This indicates that the value of oC in Eq. (1) did not
remain fixed from sweep to sweep. Fig. 8 shows six sweeps taken on the
same sample from 0 to 6 V in 2 sec, with the vertical sensitivity at 
-45 x 10 Amp/div. Note that here the first sweep (upper left) rose 
faster than the second, fourth, fifth, and sixth, and that the third 
sweep (lower left) rose faster still.
5That <* could be adjusted at will from pulse to pulse is 
demonstrated in Fig. 9. Here a different sandwich on the same microscope 
slide as in Figs. 6-8 was used. Horizontal and vertical sensitivities 
were 2 V/div and 5 x 10 "* Amp/div, respectively. Several sweeps were 
made, each 1-sep from start to finish. The first sweep increased to a 
peak of about 9 V, and successive sweeps rose to successively lower peak 
voltages, from 9 down to 0 V. Several different values of oC appeared, 
the larger values corresponding to the lower peak voltages.
In each of the sweeps shown in Fig. 9, the voltage was 
increased at a constant rate from zero to some peak voltage between zero 
and 9 V. The value of c*, varied from sweep to sweep. Its value for any 
particular sweep must, of course, have been determined before the peak 
voltage was reached. Yet there appeared a definite dependence of the 
value of o<. on the peak voltage. It was thought at first that the value 
of cK depended on the preceding sweep. Further studies showed that £* 
depended not on the peak voltage of the preceding sweep, but on the 
current flowing when the preceding sweep was finished.
Fig. 10a shows four successive sweeps on the sandwich used in 
Figs. 6-8. The sweeps are indicated more clearly in the drawing, Fig.
10b. Horizontal and vertical sensitivities were 2 V/div and 10”"* Amp/div, 
respectively^ Vc ~ 2 V. The first sweep was from 0 to 4 V, and ends 
at pt. (a), with I =■ 4 x 10 amp. On the succeeding sweep, No. 2, the 
current between 1 V and V (recall that current was linear with voltage 
up to about 1 V) followed
(2)I = 0.25 x 10”5 V2
6or c< * 0.25 x 10”"*. If this curve were extended it would pass through 
the point where, the first 'sweep'terminated.
The rule is that is fixed for voltages below Vc and unstable 
for voltages above .
Then if the voltage was lowered through Vc> ^remained at 
whatever value it had had just before V crossed V^. Apparently it
* *i"remembered" this value until V was increased over again. Although
no time limit to the "memory" has been sought, it has been noted to
last several hours. The value o f w a s  determinable in this way to the
shortest sweep periods used, 0.01 sec. Frequency limitation of the
preamplifier used did not permit testing the "memory" at high speeds.
Note in Fig. 10 that sweep No. 2 was continued up to about 6 V, where
the current was about 10 "* amp and ^-0.03 x 10 On sweep No. 3,
while V was below V , o< remained substantially smaller than it had beenc
on sweeps No. 1 and No. 2. Although it cannot be measured accurately,
-5the value 0.03 x 10 is reasonable. Sweep No. 4 was similar. This 
behavior was seen consistently.
The variation of c* as described above was surprising. It 
was further observed that c<did not vary without limit, but was confined 
to a finite range of values between, say, some . and some c< . The 
region to which oC,was confined is seen clearly in the photograph of 
Fig. 9 and is illustrated in Fig. 11. This hump-shaped boundary is 
referred to as the "envelope." The lower boundary of the envelope is 
seen in the photograph of Fig. 7; at voltages up to about 10 V it 
obeyed Eq. (1); in Fig. 11 this boundary is labeled c<= , and is
somewhat exaggerated for clarity.
7Note the negative slope to the upper boundary of the envelope
between about 4 V and 8 V. If currents were to have remained on the
upper boundary as the voltage was varied, the sandwich would have
appeared to have a negative resistance. This may have been the negative
2resistance observed by Hickmott under conditions similar to these.
At about 8 V, indicated as Vd in Fig. 11, this negative-
resistance curve bounding the top of the envelope met the lower boundary.
Above V n the currents werfe stable, andcXso^. . When the voltage was d min
Increased above about 12 V, a few volts above V^, the currents began in 
increase exponentially, rising above the peak currents allowed by the 
envelope for V V^. On lowering the voltage it was found that the 
height of the envelope hac* irreversibly increased. In­
creasing the voltage much above 12 V caused the currents to increase 
exponentially until the sandwich was destroyed, either by shorting the
i
aluminum to the gold or by fusing the gold contacts.
If the current through the sandwich was varied and the voltage 
measured, the voltage behaved much as would be expected from the results 
presented above. As in Fig. 12a, at low currents the voltage followed
When the voltage reached V , it remained constant for further current
increase. When the current was lowered, the voltage immediately began
to drop along a new curve, 1 /¿x.1 , where l/^’ <  1/^. This value of^x'
2was "retnembered" until the current was raised above I ¡*<3>dV , in which 
case V again remained at V , and the value o f i n c r e a s e d  further.
8
This increase was irreversible until a voltage source was applied, with 
V ^ V c. There was a critical current I above which the voltage suddenly 
jumped to a much higher value, as in Fig. 12b. This current was pos­
sibly related to the top of the envelope of Fig. 11, and the upper 
voltage to the exponential curve. If the current was then reduced even
by a small amount, the voltage returned to V , even at currents abovec
the previous 1^. The critical current was found to have increased 
irreversibly to whatever maximum current had been forced through the
%film. If the current was further reduced, the voltage followed an I 
curve to the origin.
The above characteristics were entirely independent of the
sign of the voltage and the direction of the current flow. For a given
sample, it was unimportant in which direction the forming currents
flowed. The envelopes were symmetric with respect to positive and
negative voltages, and the value of was the same for both directions
of current. A value of¿X. established for voltage in one direction
held also for reversed voltages, and the currents were unstable whenever
V was exceeded in either direction, c
V. Discussion
The microscopic behavior of currents in the sandwiches is 
unclear. The following discussion presents some of the possible expla­
nations, and indicates further studies from which we might benefit.
The currents below are probably space-charge-limited. At 
voltages below 1 V, diffusion currents appear to dominate injection 
currents. Different values of c< may correspond to different effective
trap concentrations.
9An ohmic contact on each side of the insulator is required 
for injection currents to flow. It is possible that the gold deposited 
on the aluminum-oxide did not form an ohmic contact. Heat generated 
by the pre-forming exponential currents may have been sufficient to 
anneal the gold on a small part of the oxide surface and form a contact. 
It is further possible that the exponential currents above raised 
the height of the maximum injection currents by increasing the area of 
ohmic contact.
A study of the capacitance of formed devices as a function of 
current and voltage might prove enlightening. Such measurements would 
indicate the presence and thickness of any space-charge layer at the 
reverse-biased junction.
Although the effects of temperature, exposure to daylight and 
ultraviolet radiation, and of atmospheric pressure are undoubtedly of 
importance and ought to be studied, it is felt that further research in 
this direction will yield little useful information unless reliable and 
consistent samples can be produced. Even this simple electrical data 
was quantitatively inconsistent. The critical voltage varied unpre- 
dictably. The currents at voltages above were entirely unpredictable.
It should be kept in mind that these sandwiches are very thin 
(f'400$), and that the voltages used, though small, could produce very 
strong fields (10^ V/cm), near those sufficient to produce impact ioni­
zation breakdown and ionic migration. The insulator was possibly 
thinnet than the Schottky exhaustion layer expected in a bulk sample; 
it cannot be assumed that standard metal-insulator-metal contact theory
10
applies. The purity and uniformity of the insulator was not known; at 
present there is no way of knowing which of the results would hold for 
pure insulators and which depend on impurities and inhomogeneities in 
the devices. It is suggested that future attempts be made to understand 
the structure of the materials involved.
What is known about these devices is remarkably interesting.
For fresh samples in vacuum, the currents are exponential with respect 
to voltage. Once a sandwich is exposed to more than a few volts, it 
undergoes an irreversible "forming" effect, after which it possesses 
many interesting properties. At low voltages, currents are linear in 
voltage, and slightly higher they vary with the square of the voltage. 
There is a critical voltage above which currents are bounded by an 
"envelope," but are otherwise unstable. Currents stabilize again when 
the voltage is lowered through but the proportionality constant 
changes. This constant can be controlled by controlling the current 
through the device. A few volts above the critical voltage, the currents 
again stabilize; and higher still they are exponential. Such electrical 
behavior does not appear to have been observed before.
The devices, if they were robust, have potential applications 
as small, inexpensive analog memory elements. Although the maximum 
"speed" of these devices was not measured, it is probably not high.
Their memory can be set by passing a momentary current through them, 
sufficient to reach some desired value ofcX with the voltage at V . 
ThiscK^ill be remembered until Vc is reached again. It can be read by 
applying a voltage V V£ , and measuring the current. They can be
11
erased by applying a momentary voltage equal to V^. Indications are 
that quantitative accuracies to better than 1 per cent are possible.
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Figure 1. 3 in. microscope slide with Al-A^O^-Au sandwiches. The
aluminum base electrode is in the center. Contacts are made 
with conducting silver paint. Sandwich at far right has 
been destroyed by high currents.
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Figure 2. Four-terminal measurement of sample using meters.
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Figure 3. Four-terminal measurement of sample using oscilloscope.
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Figure 5.a. Current vs voltage after forming.
2Figure 5.b. Current vs (voltage) after forming.
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Figure 6, Sweeps from 0 to 6 V. Vertical sensitivity: -45x10 Amp/div.
Figure 7. Sweeps from 0 to 6 V. Vertical sensitivity: Amp/div.
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Figure 8
Figure 9. Several sweeps, with peak voltage decreasing from 9 to 0 V.
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Figure 10. Demonstration of "memory." See text for description.
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Figure 11. Illustration of behavior of formed sandwiches. Heavy lines 
"a min" and "a max” are the "envelope." Shaded region con­
tains unstable currents.
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